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ABSTRACT 



We have searched for conceptually simple extensions of the standard model, and 
describe here a candidate model which we find attractive. Our starting point is the as- 
sumption that off-diagonal CKM mixing matrix elements are directly related by lowest 
order perturbation theory to the quark mass matrices. This appears to be most eas- 
ily and naturally implemented by assuming that all off-diagonal elements reside in the 
down-quark mass matrix. This assumption is in turn naturally realized by introducing 
three generations of heavy, electroweak-singlet down quarks which couple to the Higgs 
sector diagonally in flavor, while mass-mixing off-diagonally with the light down-quarks. 
Anomaly cancellation then naturally leads to inclusion of electroweak vector-doublet lep- 
tons. It is then only a short step to completing the extension to three generations of 
fundamental 27 representations of E(6). 

Consequences of this picture include (1) the hypothesis of "Stech texture" for the 
down-quark mass matrix (imaginary off-diagonal elements) leads to an approximate right 
unitarity triangle (7 « tt/2), and a value of sin 2/3 between 0.64 and 0.80; (2) Assuming 
only that the third generation B couples to the Higgs sector at least as strongly as does 
the top quark, the mass of the B is roughly estimated to lie between 1.7 TeV and 10 TeV, 
with lower-generation quarks no heavier. The corresponding guess for the new leptons is 
a factor two lower, 0.8 TeV to 5 TeV; (3) Within the validity of the model, flavor and CP 
violation are "infrared" in nature, induced by semi-soft mass mixing terms, not Yukawa 
couplings; (4) The "Mexican hat" structure of the Higgs potential may be radiatively 
induced by the new heavy down-quark one-loop contributions to the potential; (5) A 
subset of the precision electroweak experiments are sensitive to the physics induced by 
the heavy quarks and/or leptons; (6) If the Higgs couplings of the new quarks are flavor 
symmetric, then there necessarily must be at least one "oasis" in the desert, induced by 
new radiative corrections to the top quark and Higgs coupling constants, and roughly at 
10 3 TeV; (7) If the Higgs couplings of the new down-quarks are hierarchical and equal to 
the usual Higgs couplings to right-handed up quarks, then, in the limit in which gauge 
coupling constants are set to zero, parity violation is also "infrared" , induced by semi-soft 
mass terms. 
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1 Introduction 



The problem of extending the standard model [0J needs no motivation. Attempted exten- 
sions are legion, and most are complicated. Many nowadays are based on the hypothesis 
of low energy supersymmetry [|2|, where a wealth of new superpartners, each with an 
uncertain phenomenology, and more than one hundred new parameters are introduced. 
Attempts to do without supersymmetry generically end up with a proliferation of new 
Higgs representations, a variety of new fermions and gauge bosons with uncertain phe- 
nomenology || , and less of an underlying esthetic than possessed by the supersymmetric 
models. 

The minimal standard model, with its single Higgs boson as the only undiscovered 
element, remains at present the unique description which is both very simple and highly 
credible. The "desert" scenario of no new physics between the electroweak and grand 
unified theory (GUT) scales has a completely defined Hilbert space and a consistent, 
calculable S-matrix at all energy scales up to the GUT scale 0] , provided the Higgs mass 
lies in the relatively narrow window of 160 ± 20 GeV. And it is certainly arguable that 
the hierarchy problem, i. e. the fate of the quadratically divergent renormalization of the 
Higgs boson mass ||, is so similar to the cosmological-constant problem || that the best 
thing to do is to treat it in the same way, namely to set it aside as "not understood", 
assuming it to be solved later at a much deeper level. But even within the minimal 
standard model, the perturbative theory will break down at a mass scale less than the 
GUT scale unless the Higgs mass is within the aforementioned window. If something like 
this turns out to be the scenario, then there will be at least one "oasis" in the desert, a 
landmark mass scale where new physics and most likely new strong forces emerge [[/j. 

It is reasonable in fact to define the problem of extending the standard model by this 
question: "What is the mass scale of the first oasis, and what is its particle content?" 
The minimal supersymmetric standard model defines that mass scale as the electroweak 
scale itself, with subsequent oases far away and poorly defined (hidden and/or gauge 
sectors). Technicolor models || put oases at the TeV scale, with others higher up (ex- 
tended technicolor), although all are plagued with phenomenological constraints difficult 
to satisfy |§. 
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In attacking the problem again, we restrict ourselves to conceptually simple, reason- 
ably well-motivated extensions. We try not to force the model into preconceived ideology, 
but instead let the structure of the model lead to the next step until a dead end occurs, 
where no simple extension can be found. We are encouraged that what we describe in 
this paper contains several "next steps", with no dead end in sight. There is at least one 
avenue we can pursue further, but which lies beyond the scope of this paper. 

The direction we go will turn out to be close to the minimal standard model. Our 
takeoff point is a fresh look at the mass matrices of the quarks. The starting assumption is 
that the off diagonal elements of the mass matrices are small relative to diagonal elements 



(this in particular disallows the "Fritzsch texture" [10|). With this choice we search for 
simple patterns. The candidate pattern which we pursue is that all off-diagonal elements 
reside in the down-quark mass matrix. This leads to a relatively comfortable, but not 
quite compelling "phenomenology", one element of which is that the unitarity triangle 
may contain a right angle. Our next step is a very natural one, namely to assume that this 
pattern is created by mixing of ordinary down-quarks with three generations of heavy, 
electroweak-singlet down-quarks |TT| . This is naturally implemented in an anomaly-free 
way by extending each generation of ordinary fermions to a 27-plet of E(6) |L2] . 



In order to implement the generation of mass of the light quarks, the right-handed 
heavy down-quarks are coupled to the ordinary left-handed light-quark electroweak dou- 
blets and to the Higgs bosons in a flavor diagonal way. We assume that at least one 
of these new Higgs couplings is as large as the top-quark Yukawa coupling. If this is 
true for all three generations, then there is enough modification in the evolution of these 
coupling constants and of the Higgs self-coupling that there may be a strong-coupling 
regime, along the lines of top-condensate models [0, at an oasis mass of order 1000 TeV. 
However, if only the new third-generation Higgs coupling has this property, this need not 
be the case. There is also an interesting modification of the Higgs-sector effective po- 
tential which allows a novel, radiatively generated mechanism for spontaneous symmetry 
breakdown. Finally, because all flavor-changing effects originate in semi-soft mass terms, 
it follows that all flavor-changing processes are finite and calculable, with flavor change 
an "infrared" phenomenon that disappears at energy scales large compared to the mass 
scale of the new heavy quarks and leptons. 
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All of these features we find not unwelcome. In order for them to occur, the masses 
of the new fermions should not exceed about 10 TeV. The lower limit comes from exper- 
imental constraints on electroweak parameters and rare flavor-changing processes, while 
the upper limit comes from a naturalness criterion on the structure of the Higgs-sector 
effective potential. 

In Section 2 we describe our approach to the mass-matrix problem. In Section 3 
the new heavy E(6) fermions are introduced and the Lagrangian for the standard-model 
extension is constructed. In Section 4 we determine the phenomenological constraints. 
Section 5 examines the evolution of coupling-constants and the properties of the possible 
oasis created by their evolution into a strong coupling regime. There are opportunities 
for pursuing this line further, and Sections 6 and 7 describe them and summarize the 
situation. 



2 Is all Mixing in the Down Sector? 

One apparent feature of the CKM matrix is that all off-diagonal elements are small 
compared to the diagonal ones. So it would seem a very natural hypothesis that the 
same should be true for the up-quark and down-quark mass matrices, namely that the 
off-diagonal elements are small relative to the diagonal elements, small enough to justify 
the use of perturbation theory. 

This is not the most popular choice, however. More common is the quite well- 
motivated one of "Fritzsch texture", which does not allow the use of low order per- 
turbation theory. Nevertheless, we here pursue the perturbative option and see whether 
there is a reasonably simple and credible scenario that gives a direct relation between 



the CKM [p~4| , |15f elements and mass-matrix elements. We will find as candidate the 
aforementioned option of putting all mixing in the down sector. We further find that if 
the mass matrix has the form 

Mij = mf'Sij + ie ijk mi A) (1) 
with m^ s ' and real, then the unitarity triangle turns out to good accuracy to be a 



right triangle. This structure of mass matrix and CKM matrix is due to Stech [ITB . 
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The mass terms for fermions are generated in the standard model by the Yukawa 
coupling term in the Lagrangian in the weak interaction (primed) basis 



^up ~l" ^down (2) 

where, e.g. 

£down = q , Li® h ij ( lRj + h - c - , (3) 

where % and j are flavor indices and hij are coupling constant matrices. Once the Higgs 
field $ obtains a vacuum expectation value and we shift the field $ — > (v + 0) + it • w, 
we observe that M' = hv. (w are the Goldstone fields eaten by the W and Z.) The mass 
matrix M' can be diagonalized by a bi-unitary transformation 

M' = V L MV ] R . (4) 

In the standard model after diagonalization, the only observable relics of the individual 
mixing matrices appears in the left-handed charged current couplings of the W boson, 
since right-handed charged currents are phenomenologically absent. Thus 

yCKM = yu]yd _ (5) 

For % ^ j, this means that 

yCKM = J2(V?)UV*) kj , (6) 

k 

* (VT)^ + (^% + (VT)«(^%, 

where now i ^ j ^ i ^ i and the diagonal CKM elements have been set to unity. 

Let us assume that the original matrix M' is hermitian; within the standard model 
this can always be made true without any effect on phenomenology by a judicious choice 
of Vr. In this case, the mass matrix is diagonalized by a simple unitary transformation 
V . In the spirit of perturbation theory, decompose the original mass matrix M' as 

W = M + m , (7) 
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where M is diagonal and m is purely off-diagonal. Then it is straightforward to see that 

M' V — (M + m)V = VM , (8) 

where M is the diagonalized matrix. Since all these matrices are assumed to be 3x3, we 
can iterate this equation to obtain an exact relationship between the elements of V and 
those of M, M and m: 



m 



+ 



m ik m kj 



(Mj - M 0l ) (Mj - M 0i )(M j - M ok ) 



v m ik m k jVij 

" (Mj-MoiXMj-Mok)' 



(9) 



with i ^ j 7^ k ^ i and no sums performed. This relation can be directly solved for the 
ratio of V^/V^: 



V-.--2 

Va. 



a.; 



a 



l 3 



M, - M, 



0.7 



m,j k m kj 



Mr 



Oi 



Mj-M 0k 



where again no summation is performed and 



a 



m ik m kj 
M 



Ok 



(10) 



Note that the prefactor in the expression above, a/a*, is a pure phase. 

With these general preliminaries we may now address the problem at hand. It is 
easiest to simply evaluate the relevant matrix elements. We have to good approximation 



V 12 

v 23 



Vi 



13 



m 12 
M 2 

M 3 

M 3 



m 13 m 32 77ii2 



+ 



+ 



M 2 M 3 

m 2 im 13 
Ml 

m 12 m 23 
Ml 



M 2 

m 23 
M 3 

m 13 
M, 



(12) 



The expressions for the conjugate elements V 3 i and V32 have larger second-order contribu- 
tions, by a factor of order M 3 /M 2 , and they are consistent with the unitarity constraints, 
which are approximately 



= [v^j = v tJ + v; + v k \v kj (i^k^j^i). 



(13) 
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We have also seen in Eq. a similar phenomenon occurring when combining together 
the expressions for V u and V d into Vqkm'- Most of the matrix elements are arguably 
dominated by the first two additive terms in Eq. (H); only large, unnatural cancellations 
between up and down rotations could spoil the argument. In particular this situation 
rather easily holds for all the off-diagonal elements with the exception of V^ KM and 

yOKM 

Thus, more concretely, we have 

t/CKM — t/ ~ m ds . m *u 

Vl2 ~ Vus ~ M s + M c 

v ™ = Vcb -w b + w t (14) 

rrCKM — rr ~ m db m tu _ m sb rn*u 

Vl3 ~ Vub ~ M b M t M 6 ' M c ■ 

Upon putting numbers into the above equations, there emerges the vague outlines of a 
possible pattern, namely that all non- vanishing off-diagonal elements of the mass matrix 
are in the down sector, and that they are of the same order of magnitude, essentially the 
same as the QCD confinement parameter Aqcd- The magnitudes of the elements are as 
follows: 

/ ? 35 MeV 15 MeV \ 
M^\= ? 150 MeV 175 MeV . (15) 
V ? ? 4.3 GeV J 

The opposite extreme, all mixing in the up sector, evidently does not possess this prop- 
erty. 

It is also interesting, but not essential, to go one step further and assume that the 
off-diagonal elements of the down-quark mass matrix are imaginary antisymmetric, and 
that the diagonal elements are real, as in the form of Eq. (JI|), which intuitively does not 
appear unrealistic. Then we find the result, due to Stech, that the unitarity triangle is 
a right triangle, with the right angle being at the lower left (7 = 7r/2). This result is a 
consequence of the fact that V ub is well approximated by first order perturbation theory, 
hence pure imaginary, and that the factors V* d and V cb , whose product form the base of 
the unitarity triangle, are each well-approximated by the first order perturbation terms. 
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Hence the base of the unitarity triangle is real. Therefore the right angle occurs, and in 
the right place. We note that this is not the same argument as used recently by Fritzsch 



Top , who finds the upper vertex of the triangle to have the right angle (a = 7r/2). 
The other two angles a and (3 in the unitarity triangle are determined as follows: 

a = tan" 1 ( H^l) = (1 _ A . (i 6 ) 
V m s m dh J V 2 / 

The values of are not very precise. They give a range for a between 62° and 70°, 
and for f3 between 28° and 20°. This implies that sin 2a = sin 2(3 lies in the range 0.64 
to 0.80. The value of (3 agrees well with the recent measurements by BELLE and BaBar 

0- 

Of course this line is quite speculative, and not required. But the data thus far is 
consistent with this option | 18fl , and if that remains the case when precision is increased, 
it might be taken as a posteriori evidence for the credibility of the line of attack we take. 



3 Heavy Fermions in the Tree Approximation 

According to the discussion in the previous section, we have been motivated by simplicity 
and by the data to consider a scenario where all flavor and CP violation originates in the 
down-quark sector, perhaps via a mass term with the structure 

Mij = Symf* + ieijkm^ . (17) 

If this is accepted, then the unitarity triangle is to good approximation a right triangle, 
with 7 = 90°, as shown in Fig. 1. 

In any case, we inquire here what dynamical mechanism might be responsible for 
such a situation. There is a very natural answer, namely that the ordinary down-quarks 
di = (d, s, b) mix with heavy down-quarks D{ = (D, S, B) which are electroweak singlets 
and have large intrinsic mass terms Mj. There is no mass mixing in the up sector simply 
because the corresponding heavy up degrees of freedom do not exist. 

Such heavy down states are not altogether unwelcome. In GUT extensions which go 
by way of E(6), the fundamental 27 representation contains just such a multiplet. The 
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Figure 1: The right unitarity triangle. 



SU (5) decomposition of this E(6) 27 is 



27= (10 + 5) + (5 + 5) + (1 + 1) . 



(18) 



We notice that if this is the scenario, then there will also be heavy leptons Li = (E, M, T) 
which are vector electroweak doublets, i.e. both the left-handed and right-handed com- 
ponents of the Li couple to the W's. We shall here accept that this is the case, because 
even without E(6) one would have a problem with anomaly cancellation if only the heavy 
down-quarks Di were introduced. Adding in the Li clearly solves the anomaly problem. 

The mass mixing term for the down-quarks, as shown in Fig. 2 (consistent with 
SU(2) x U(l) electroweak symmetry), now can be written down: 



with, perhaps, having the form of Eq. (fP7|). In addition we must introduce intrinsic 
mass terms (taken to be real) for the heavy down-quarks (also consistent with electroweak 
gauge symmetry) 



This much does not by itself give mass to the light down-quarks, because their left-handed 
components are as yet not coupled. This is remedied by assuming that the Higgs bosons 
couple the heavy right-handed down-quarks to the left-handed ordinary quarks. 



C'n = X DiL Vij djR + h.c. 



(19) 



£m = E MiD iL D iR + h.c. 



(20) 



£'h = ^iL^HiDiR + h.c. 



(21) 
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where 



and 



q l = <S>=(v + <f)) + iT-w (22) 

Then the mass matrix of the light quarks is obtained by diagonalization, essentially 
second-order perturbation theory: 

mj = {Hiv) jj- iiij . (24) 

with our convention that 

Effective) = d iLmij d jR + h.C. (25) 




Figure 2: Mixing mechanism for the down-quark masses. 

Note that we take care to omit the usual Higgs coupling between the right-handed or- 
dinary down-quarks di and the ordinary left-handed quarks. This assumption is robust 
in the sense that, if the terms in the mass matrix which mix d and D are neglected, the 
full Lagrangian as written possesses enough symmetry that such Yukawa terms will not 
be generated by radiative corrections. This conclusion follows immediately from the fact 
that in that limit the right-handed cTs decouple completely from the Higgs sector. In 
other words, the number of d^s of each generation is, in the absence of the mass-mixing 
term, Eq. (|T9|) , conserved. Inclusion of the kinetic energy terms and gauge couplings 
still leaves the Lagrangian invariant under independent phase transformations of the 
dftS. Therefore for small /i and m, as we shall see, the /i dependent terms are finite and 
calculable. 
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We will need to include in the Lagrangian the usual Higgs couplings of the right- 
handed up-quarks Ui = (u, c, t) to their left-handed counterparts. However recall again 
that these couplings are assumed to be flavor diagonal. Just to set the notation, the 
Lagrangian for these terms is 



We should also include the gauge boson terms as well. However, for almost all purposes 
in this paper, we can neglect their presence, remembering that in the limit of vanishing 
gauge couplings the longitudinal W and Z become the massless Goldstone modes of the 
Higgs sector. 

It is important to estimate as well as possible the magnitudes of the new parameters. 
The new Yukawa couplings Hi may be rather large, of order of the top quark coupling h t 
or larger, and as we shall see this case appears to be an interesting one. The magnitudes 
of the masses of the new down-quarks and leptons will be constrained from below by 
the precision electroweak data and perhaps from above by the properties of the Higgs- 
potential radiative corrections. The nominal values are in the 1-10 TeV regime. The 
constraints on the parameters will be considered in more detail in the next section. 

However before turning to that, we are ready to diagonalize the mass matrix of the 
quarks. We write the 6x6 undiagonalized mass matrix M.' in block form as 



where the indices 1,2,3 label the ordinary light quarks di and 4,5,6 the new heavy quarks 
Di. This matrix is not hermitian, so we diagonalize its square M'M'^, because it is the 
left-handed mixing which we need to see explicitly in the CKM phenomenology. Note 
that H and M are 3x3 diagonal matrices, so that we may write 



where M. by definition is diagonal, and we are to find V. A first prediagonalization is 
immediate, if one ignores the (small) terms \i associated with the flavor and CP violation. 




(26) 




(27) 




(28) 
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In this approximation, the diagonalizing matrix V is 3x3 block diagonal 



V 



c s 
—s c 



(29) 



where 



Hv 



and 



^ sin#i 


V o 



2 , 2 
C + S 





sin 6*2 


= 1 . 






sin6> 3 J 



(30) 



(31) 



We will find in the next section that these mixing angles cannot be large. The reason is 
simple; the electroweak-doublet nature of the left-handed quarks is diluted by the mixing, 
and the W and Z do not couple to the singlet portion with the same strength as to the 
doublet portion. Therefore there are renormalizations of the strengths of the diagonal 
couplings of W and Z to quark pairs, and the precision electroweak data restricts these 
renormalizations to be no larger than the 1% level. Since the depletions are proportional 
to the square of the mixing angles, this limits the Si to no more than the 10% level. 
Now let us examine in more detail the residual nondiagonal terms. Thus far we have 



V\M'M' ] )V 





M 2 + H 2 v 2 



—cfifi^s cfifi^c + M 2 + H 2 v 2 
We see that, as expected, the mass matrix of the light quarks to this order is 

mm) = (sfi)(sfiy 



(32) 



with 



m = sfx 



Hv 
~M 



(33) 



(34) 



consistent with Eq. (p24|) . Without going further we see from Eq. (|32| ) that if the S{ are 
flavor universal, then diagonalization with the CKM matrix suffices to diagonalize to all 
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orders the full mass matrix. However, this is not true in general. More generally, the 
next-order correction to the light quark mass matrix has the form 



A (mm 



(s(*rfc) 



1 



(cfxrfs) = (sfirfs) 



M 2 + H 2 v 2 



s 2 (M 2 + H 2 v 2 ) 



(surfs) 



1 1 



(surfs) . 



(35) 



H 2 v 2 (M 2 + H 2 v 2 ) 



In any case, the flavor- and CP-violation effects are concentrated in a semisoft mass 
term. This in turn leads to only small, finite, calculable corrections to the Yukawa 
couplings and heavy-quark mass terms. As will be demonstrated in more detail in the next 
section, flavor violation in this model becomes an "infrared" phenomenon only. Flavor 
nonuniversality, i.e. diagonal flavor-conserving couplings depending upon the generation, 
will however persist more than does the flavor violation. But these will be small if the 
Hi and Mj are flavor universal. (Of course the up-quark couplings hi cannot be flavor- 
universal, and that nonuniversality alone suffices to create corrections in all the other 
couplings via radiative effects.) 

In the lepton sector, things are slightly different. The left-handed charged leptons, 
i L = (e, fi, r) mix with the heavy leptons, L~ = (E~ M~ T~) via a semi-soft mass term 
/j like the d-quarks while the right-handed ones £r couple to via the Higgs Yukawa 
couplings yielding a 6x6 mass matrix of the form 



Just as for the quarks, there is again no Yukawa coupling term which would couple the 
ordinary light leptons £l to the £r. This time a nonvanishing additive quantum number 
assigned to the ordinary left-handed lepton electroweak doublet (£, vg) l and to nothing 
else suffices, in the absence of the flavor-changing mixings proportional to /x, to forbid the 
presence of this Yukawa coupling. Alternatively, the left-handed lepton doublet might be 
assigned a multiplicative "parity" quantum number -1; with all other multiplets having 
positive parity. Note that this assignment survives the extension to the GUT SU(5) 
level. 




(36) 
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In the neutrino sector, the mixing of v l L with the E Q L leaves the neutrinos massless. 
But the mixing of with the S"?7(5)-singlet fermions present in the E(6) extension will 
give rise to neutrino masses and mixings. In principle we need not introduce these extra 
degrees of freedom (N, N') at all. But there is ample motivation for doing so, and we 
return in the next section to a discussion of the implications. 

The upshot of all this is that there is a 6x6 unitary matrix diagonalizing the charged 
lepton mass matrix with a structure very similar to the one for down-quarks: 

(37) 

with Si ~ Hiv/Mi etc. The feature of nonuniversality of diagonal couplings will persist, 
and the phenomenology differs slightly due to the fact that the heavy leptons are vector- 
like electroweak doublets, not singlets. 

Before going on, we summarize how the tree level couplings to W and Z are modified 
by the mixing effects. For the W, there will be the usual CKM structure, but modified 
by the effects of the mixing to the heavy down-quarks expressed by V. Thus 

G F Ui L Y(V C KM)ijdjL =>• G F {u iL ^(V C KM)ijCjd jL +u i L r r fl (y C KM)ijSjD jL } . (38) 

In the same way the leptonic coupling strengths to the W are modified: 

G F V iL ^l lL => G F {ViLY(VMNs)ijCj£jL + ViLl^(y M Ns)ijSjL- L - L° iL ^Si£ iL } (39) 

where the leptonic mixings are introduced in analogy to the quark mixings Sj,q 

(Eq. (p9l)), and in general are different. The leptonic mixing matrix Vmns (named after 
Maki, Nakagawa and Sakata ||T9|) is the analog of the CKM matrix in the quark sector. 



It is given by 

Vmns = Ul U3 , (40) 

where U v is the matrix which diagonalizes the neutrino mass matrix. In addition, there 
are new right-handed leptonic charged currents given by: 

C' L = G F T° tR Y(-m R ■ (41) 
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The couplings of light down-quarks to the Z are affected. Starting from the usual struc- 
ture 

C NC oc T 3 - sin 2 6 W Q , (42) 

only the T 3 portion will be affected by all this mixing; charge conservation protects the 
rest. The effect of the heavy-light mixing is, for the quarks, 

(uiL^u iL - d iL Yd iL )Z^ =>• (uiL^UiL - <$diLl' t di L )Z ll - c i s i d iL 'fDi L Z li + h.c. (43) 

For the leptons, 

(ya^i - \Lin iL )z» tpcf Vi - J iLl n iL - s% Rl n iR + ~ Si c~i iR ^l iR )z^ . (44) 

The phenomenological implications of these and other modifications will be taken up 
in the next section. 



3.1 Neutrino Masses 

Neutrino mixing with E° gives rise to a mass matrix (for each flavor) of the form: 

m 
M 



(45) 



This has one zero eigenvalue and so the neutrinos remain massless. When one of the two 
gauge singlets, N, is included, the mass matrix becomes: 



/ m wl \ 

M 
\m' M' J 

The neutrino mass eigenvalue is now given by the usual see-saw formula: 

m u ~ m' 2 /M' . 



(46) 



(47) 



If the Dirac masses m' are taken to be of the order of the top-quark mass, then the 
mass scale M' lies in the range of 10 14 GeV in order to accommodate the typical mass 
scales required in the atmospheric and solar neutrino oscillations. This is lower than 
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the unification scale, and might represent an oasis. The other singlet N' might be at 
the unification scale. To make some ansatz about the flavor structure of the lepton and 
neutrino mass matrices, which would lead to a desirable form for the MNS matrix, is 
beyond the scope of this paper and we leave it to another occasion. 



4 Phenomenological Implications 

4.1 Decay Widths 

The masses of the new heavy quarks and leptons are free parameters in this model. As 
we shall soon see, unless the Higgs couplings Hi are small, there are difficulties with 
precision electroweak data if these masses are low. The experimental constraints will, as 
discussed below, generically lead to bounds on the mixing angles Sj and s«, as defined in 
Eq. 

0.1 . (48) 



Mi 

If the masses are large in comparison with the gauge boson and even Higgs masses, the 
decay phenomenology of the new heavy fermions is quite straightforward: they will decay 
predominantly into the ordinary quark or lepton of the same generation together with 
either a Higgs or a (longitudinal) gauge boson. For example, for the third generation B 
we have the decay modes 

B -> b + h (49) 
B -»■ b + Z° (50) 
B -> t + W~ (51) 

with 

T(B -> bh) = T(B -> bZ°) = ^T(B -> tW~) . (52) 
The total decay width is, in the limit of negligible final-state masses, 

H 2 

T(B — > all) = — — Mb ■ (53) 

47T 
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The main usefulness of this formula is to provide a practical upper bound on the magni- 
tude of the Higgs couplings Hf, the theory makes little sense if the width of the parent 
fermion is larger than its mass. In particular this constraint implies 

\Hi\ < 4 (54) 

or 

t <l. (55) 

The decay phenomenology for heavy leptons is essentially identical; the decay modes for 
the third generation T are given by: 

T~ — > t~ + Z° 

T~ — > T~ + h° (56) 
T° — > T~ + W + 

and the widths satisfy 

r(T- -> T -h°) = r(T~ -> t~Z°) = ir(T° -> r^Py+) . (57) 
The total widths are given by: 

r«(r-) = r«(T°) = (58) 

and thus ifj satisfy bounds similar to ifj. 

In the above scenario, the search strategies for these particles are in principle straight- 
forward. The main issue is attaining sufficient energy to produce them. 

On the other hand, if some of the new Yukawa couplings Hi are small, then the 
associated masses can be small as well. However, we shall consider it unreasonable that 
all the new quarks have Yukawa couplings to the Higgs sector much smaller than the 
coupling of the top quark to the Higgs. In particular we hereafter assume that the third 
generation down-quark B has a Yukawa coupling at least as large as that of the top 
quark: 

H B >h t = 0.70 . (59) 



18 



We shall see later that this innocent hypothesis leads to interesting consequences. 

Within this scenario there are still major choices to make. One extreme is to assume 
flavor symmetry for the new heavy down-quark multiplet: 



H B ~H S ^ H d . 



The other extreme is to assume a mass and coupling constant hierarchy as found every- 
where else in the spectrum of fermion degrees of freedom: 



While many variants can be entertained, in what follows we restrict our attention to 
these two extremes. In particular, in the hierarchial choice, we find no reason why the 
first and second generation heavy quarks and leptons cannot be as light as given by the 
present direct experimental limit on their production, about 130 GeV |p0| . If such masses 
do approach the direct experimental limits for production of heavy quarks and leptons, 
the phenomenology may differ significantly. However, one must keep in mind that a 
large violation of universality of the new parameters Hi and Mj may be constrained by 
precision electroweak data. These are discussed in the following subsections. 

4.2 Tree-Level Mixings 

In the previous section we have exhibited the effective Lagrangian obtained by diagonal- 
ization of the mass matrix of the light quarks. In addition to leaving behind the CKM 
mixing of the quark couplings to the W bosons, we have seen there are nonuniversal 
diagonal couplings to the Z boson, which lead to deviations of the values of electroweak 
parameters from the standard model values. The percentage deviations will be propor- 
tional to the squares of the mixing angles Sj introduced in Eq. (30). For example, the 
branching fraction R b for Z decay into bb is modified as follows 



M B > M s » M D 



(60) 



,SM 



1 




(61) 
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with similar expressions, of course, for decays into ss or dd. Likewise the forward- 
backward asymmetry A FB in Z decays to bb is modified as follows: 



(A 



FBJb 



(A FB ) 



SM 
b 



fs 2 3 sm*6 w (l-f sin 2 9 W 
(l-fsin 2 ^) 4 -(|sin 2 ^ 



(62) 



Modifications to the diagonal couplings of the Z to leptons is also of significance. The 
most sensitive constraint comes from measurements of the polarization asymmetry Alr. 
The correction modifies Alr as: 



2(1 -4 sin 2 9 w ) + 8sm 2 6 w sj 
LR ~ 1 + (1 - 4 sin 2 6 W ) 2 - 8 sin 2 6 w sj 



(63) 



However, competitive tests also come from the measurement of the axial couplings qa of 
the Z to lepton pairs. The mixing correction decreases 



9 Al = (9r - g L )i = (T 3 sf - sin 2 6 W Q) - (T 3 - sin 2 9 W Q) = - (1 - sf ) . (64) 
In all these cases the current data are consistent with the standard model. From LEP 



and SLC data, deviations from the standard model are bounded |H] and yield bounds in 
turn on S3 and §1 of about 0.1 and 0.05 respectively. Similar bounds can be deduced for 
Si, s 2 , and s 3 . We expect similar bounds on the other mixing angles. The bound on s 3 
comes from Rb. Should the current discrepancy in Afb of —0.0046 ± 0.0017 turn out to 
be real, we cannot account for it (an S3 of 0.1 allows a maximum deviation of —0.001). 



4.3 Mixings at One-Loop 
4.3.1 Flavor Mixing 

The modified charged currents in Eq. (38) and (39) have a very special form. In partic- 
ular, even though the effective 3x3 CKM (or MNS) matrix is not unitary, it has partial 
orthogonality i.e. 

E (VckmTu (V C km) is = c 3 c 2 £ UtfJ a = (65) 

i=u,c,t i 
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and similarly: 



E (Vmns)*^ (V MNS ) ie = . (66) 

i=V\,V2, V3 

However, this is not true in the up-quark sector: 

E (VcKMtiVcKM^^O. (67) 
i=d,s,b 

This means that there are no new one-loop flavor changing effects in the down-quark 
sector or the lepton sector. Hence, there are no new contributions beyond the standard 
model in: (i) 5m K , (ii) e, (hi) e'/e, (iv) 5m B , (v) b — > 57 or b — > d'j, (vi) CP violating 
effects in the b-quark sector, (vii) /x — > ej, (viii) — > A*e etc. This is a strong prediction 
of this set of ideas. 

There is a potential new contribution to D° — D° neutral charm meson mixing due to 
the heavy quarks in the box diagram. Assuming for simplicity that the heavy S quark 
dominates, the new contribution to 5m£> is given by p2| 

Sm D = — I /£ B D m D m 2 w s A 2 {V* s V su f f(x s ) ■ (68) 
For large Ms, f{xs) ~ ^s/^ m w anc ^ ^ m D becomes: 

5m ° = B d M 2 S si 6 2 c (69) 

= (2 x 10- 9 st) GeV(M s /l TeV) 2 . 

If the heavy S quark is replaced by D, a similar bound is obtained. If S is replaced by 
B, the contribution is much smaller. 

The current bound on Smn is 5 x 10~ 14 GeV and demands s 2 < 0.07. This remains 
a potential significant contribution to Smo- 



4.3.2 S, T and U Parameters 

A convenient parametrization which describes new physics contributions to electroweak 



radiative corrections is given by the S, T, U formalism of Peskin and Takeuchi [23|. These 
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parameters are defined such that deviations from zero would signal the existence of new 
physics (an alternate set of parameters, also exist which do not require a reference 
point for the standard model |24j]). 

The contributions from the extra fermions introduced here are rather small as shown 



in Ref. [25]. At a mass scale of 0{TeV) the contributions to S,T and U are no more 
than a few times 10~ 3 and well within the current bounds, as long as the heavy lepton 
doublets are nearly degenerate. 

4.3.3 Anomalous Magnetic Moment of the Muon 

The extraordinary precision of the g — 2 measurements suggests that significant con- 
straints on our mixing and mass parameters might exist. With this in mind we consider 
the contribution of the heavy leptons M~ and M° to a M . There are two Feynman dia- 
grams as given in Fig. |3|. We let M M « M M « Mm each be about a TeV. Then the total 



contribution to = (g — 2)„ is given by |2(| [27 



2 



a »=^ {i ' r{F + H} (70) 

where F and H are slowly varying functions of (Mm /Mz) 2 and (Mm/Mw) 2 respectively 
]2T| p7| . For the value Mm ~ 1 TeV, the combination {F + H} m +1/3 and a M is given 
by: 

a„ ~ (s 2 ) 2 74 x 1(T U (71) 
and for §2 ~ 0.1, this contributes to a M something less than 10~ n . 

If the extra Z' contained in E(6) is relatively light, say of order 1 TeV; then there 
is a potentially large contribution to the a M from the Feynman diagram in Fig. |3] where 
both Mm and Z' appear in the loop. The dominant contribution to a M from this graph 
is given by [^6, ^7] . 



^ = toM> (S2) G( ^7 )X (72) 



where X is given by: 



X 



. (73) 
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Figure 3: Feynman graphs for the (g — 2) correction. 



G is a slowly varying function of (Mm/M' z ) 2 , and (Mm/%) is the enhancement due to 
chirality violation. For (Mm/M' z ) ~ 1, the function G is close to 1/2. The value of X 
depends on the details of how the symmetry is broken from E(6) and can be as large as 
+ 18 as shown in Ref. |28]. Then, for a' ~ a, 



cv(Z') ~ (s 2 ) 2 504 x 10 



-n 



(74) 



If §2 is about 0.1, then this contribution to a M can be no more than 5 x 10 and is not 
important. 

We conclude that the sensitivity of the g — 2 measurements appears to be somewhat 
milder than the other precision electroweak measurements we have considered. 
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4.4 One-loop Modification of the Higgs Effective Potential 

The new one- loop contributions to the Higgs potential are of considerable interest. Recall 
that the renormalized standard-model effective potential can be written, up to a quadratic 
polynomial in <p 2 , as 

V ~ \{<j> 2 -v 2 ) 2 

A 2 (30 2 -t; 2 ) 2 (30 2 - v 2 ) 



64vr 2 2v 
« 2 ^ „ Vfa <^!) (75 ) 



647T 2 f 2 

12m 4 4 . 2 
— — £n — 

64vT 2 w 2 

where the radiative terms are renormalized such that only the logarithmic terms are kept 
and that at <fi 2 = v 2 they vanish. Note that in this scheme there will be residual finite 
radiative corrections to the vacuum condensate strength v 2 . 

The new contribution after renormalization has a very interesting structure due to 
the fact that the new fermion loop has equal numbers of heavy-quark segments and 
light-quark segments (Fig. f|): 

The important feature is that at scales below the heavy-fermion mass scale M, there is 
a new (finite!) quadratic mass term for the Higgs lagrangian, with negative coefficient. 

SV = -^ 2 jZKl{M 2 + R 2 v 2 m -v 2 )jM 2 

i=l 

12 ilH'MM-v 2 ). (77) 



64tt 2 frf 

1=1 
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Figure 4: Heavy down-quark contribution to the effective potential. 

This means that the spontaneous symmetry breaking can be induced radiatively via these 
new heavy fermions. 

One may question whether this conclusion is significant, since it is an argument on 
the structure of the renormalization constant v 2 . One might argue that a quadratic 
polynomial in 2 , with coefficients dependent on Hi and M, should be appended to 
Eq. ( |7E|) such that, in the limit Mj — > oo, 5V vanishes. This would be in accordance 
with Appelquist-Carrazone behavior — although the arguments of Appelquist and 
Carrazone do not strictly apply to this case. Evidently such a counterterm will eliminate 
the quadratic term of interest in Eq. ([77[) . But it seems equally reasonable to take 
Eq. (|76|) to be the basic structure of the radiative correction, with the "Appelquist- 
Carrazone" cancellation regarded as unnatural "fine tuning" . In this case it is the limit 
Mi — > for which Sv vanishes. Without better control of the quadratic-divergence issue, 
the situation appears to us to be ambiguous. We shall assume in what follows that the 
form of Eq. (|76[) faithfully represents the true radiative correction. 

Either this radiative term, Eq. ([7E|), is the predominant contribution to the top of the 
"Mexican hat", or else it is a correction. But we shall consider it to be "unnatural" to 
suppose that this finite piece is cancelled off to high accuracy by something else. Therefore 
one may expect that its magnitude is limited by the known size of the Mexican-hat term. 
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This gives the rough bound 



12 EHfMf<(lTeVf 



64vr 2 



leading to 



7 TeV > 



. J2 H ? M ? > h bMb > h t M B = 0.7 M B 
\ t=i 



(78) 



(79) 



where we have used our assumed lower bound on Hb from Section 4.1. 

The bottom line is that, together with the lower bound on Mb coming from the 
precision electroweak measurements 





H B v 


\h\ = 


M B 



< 0.1 



SO) 



leading to 
we may infer 



M B > 10 H B v > 10 htv = 10 m t = 1.7 TeV , 
1.7 TeV < M B < 10 TeV . 



:S2) 



We may also infer that the remaining down-quarks are no heavier. If the well-known 
symmetry relation connecting and m T 



m b 



2 mO-5 



a s(m 2 GVT ) 
a s {m 2 b ) 



0.3 



can be applied to this heavy sector, then the generalization of Eq. 
generation leptons T would read 



(83) 

to the third- 



0.8 GeV < M T < 5 TeV , (84) 
with the remaining leptons (other than possibly the gauge singlets Ni, N[) no heavier. 



5 Running Coupling Constants 
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5.1 The Fermion-Higgs Sector 

The presence of new heavy fermions, with assumed masses which are not too heavy, 
implies that the usual considerations of the scale-dependence of the dynamics needs to 
be modified. In the standard model, the top-quark Yukawa coupling is almost large 
enough for it to attain strong coupling at an energy scale below the GUT scale. Also, the 
Higgs-boson quartic coupling will become strong below the GUT scale unless its mass 
lies in the relatively narrow window of 140-180 GeV. 

It is of course a very central question whether there exists "oases" in the desert, 
i.e. energy scales small compared to the GUT scale, where some subset of interactions 
become strong. Thus far, the introduction of these new fermions has not demanded any 
new oasis. However, as we shall see, one or more oases can occur because of the extra 
loading of the renormalizat ion-group equations from the new degrees of freedom. 

We first review the standard-model situation, working to one-loop order, and ne- 
glecting small contributions, e.g. from gauge degrees of freedom, whenever possible. 
The important quantities are the top quark coupling h t = h, and the Higgs quartic 
self-coupling A. Ignoring all gauge couplings except the important QCD correction, one 
has 

^! = 9h 4 - 8g 2 h 2 (85) 
dt 

^ = 12 (A 2 + \h 2 - h 4 ) (86) 



and 



where our notation is 



167T 2 Aq CD 

W) = { u -b<) tsi7t (87) 

2 

A(0.1) = \ EW = ^-, v^250GeV. 
2v 2 

This gives for the scale parameter t the values 0, 0.1, and 0.5 at the QCD, electroweak, 
and GUT scales respectively. 
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In our model, these equations become modified at scales large compared to the scale 
M of the heavy quark masses. The modifications £1X6 cLS follows: 



8g 2 H 2 (88) 
12 U + pH^j . 

We have not here included the contribution of the heavy leptons. If their masses are 
related via an SU(5)-like symmetry to those of the heavy quarks, then their Yukawa 
couplings Hi can be expected to be two to three times smaller than for their quark 
partners (recall the SU(5) expectation for the ratio of r mass to b mass) because of the 
QCD radiative correction enhancing the quark mass. So the squared values will be 4 to 
10 times smaller. Finally there is a color factor 3 further favoring the quarks over the 
leptons. The bottom line is that it is unlikely that inclusion of the leptons will change 
the behavior of the remaining couplings significantly. 

One sees in general from Eqs. ( |8lf ) that the top quark coupling h 2 will grow more 
rapidly than before, thanks to the presence of the new terms. And if the top quark 
coupling tends to infinity, it will pull other couplings into the strong-coupling regime, 
whenever those couplings are reasonably strong. We shall consider only the two extreme 
scenarios discussed in Section 4.1. The flavor- symmetric scenario implies 

H 1 = H 2 = H 3 >h, (89) 
while the hierarchy scenario implies 

H x < H 2 < # 3 Z h . (90) 
We simplify matters further by assuming, for both scenarios, 

H 3 = h. (91) 



dh 2 
~dT 

dH[ 
dt 



9h 4 + Qh 2 J2H 2 -8g 2 h 2 



3=1 



3Ht + 6Hf\h 2 + J2H] 

3=1 

£ = 12A 2 + 12A [h 2 + ±H: 

3=1 



d\ 

lit 
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Then the first two expressions in Eq. fl58| ) reduce to the single expression 

dh 2 



(9 + 6iV)/r - 8g 2 h 2 (92) 

with N = 3 for the flavor-symmetry option and N = 1 for the hierarchy option. The 
running of A is then given by 

d\ 



dt 



12 



X 2 + (N + l)h 2 [X - h 2 ] 



(93) 



Equation fl92| ) can be integrated easily using the expression for g 2 in Eq. fl88l) . The 
results are plotted in Fig. || for N — 0, 1, and 3. 
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Figure 5: Running of the top-quark Yukawa coupling for iV = 0, 1, and 3. 

We see that for the flavor-symmetry option, N = 3, the heavy quarks, top quarks, 
and Higgs bosons will be strongly coupled to each other at an energy scale ~ 10 3 TeV. 
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We therefore find a new-physics oasis in the desert at this energy scale. However, for 
the hierarchy option, N = 1, this does not appear to occur, and the picture remains 
qualitatively similar to the minimal standard model. 

We again emphasize that the Higgs sector becomes strongly coupled at a scale no 
larger than that for the quarks. If h 2 approaches infinity, i.e. into strong coupling, then 
the quartic coupling A gets pulled with it. There is a special separatrix solution, for 
which the quartic coupling at large values is in proportion to h 2 : 

A = Kh 2 (h 2 > g 2 ) (94) 

with K determined by the solution of 

AK 2 + (1 + 2N)K - A(N + 1) = . (95) 

This gives 

f 0.88 N = ] 
K= \ 1.09 N = l I = 1.1 ±0.2. (96) 
[ 1.31 iV = 3 J 

If A is larger than this critical value, then the Higgs sector can become strong at a 
scale less than where the top + heavy-fermion sector gets strong. If A is much smaller, 
then it is driven through zero and to negative values, leading to the unsatisfactory physics 
of metastable or unstable vacuum. This is shown in Fig. [| The N = case in Fig. ||(a) 
represent the standard model, within the approximations we have made. Note that we 
obtain a value of m# = 180±20 GeV for the stability corridor, within which the standard 
model remains perturbative up to the GUT scale. This value is higher by 20 GeV than 
the results of more sophisticated analyses [fjQ[j . The difference is our fault; we have made 
several simplifications in the renormalizat ion-group equations. 

The hierarchical case, N = 1, shown in Fig. ^|(b), is qualitatively similar. The stability 
corridor is narrower, and its center has moved upward by 5 GeV. In the flavor-symmetric 
case, N = 3, shown in Fig. |6|(c), the stability corridor terminates at the oasis energy scale 
of 1000 TeV, where strong coupling, or some other modification beyond the contents of 
this model, is required. 

In any case, the conclusion is that if at least some of the new quarks have couplings 
to the Higgs boson equal to (or greater than) that of the top quark, then their couplings, 
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Figure 6: Region of mn,t space where the theory remains perturbative: (a) iV = 
(standard model); (b) N = 1; (c) JV = 3. 
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as well as the Higgs self-coupling itself, get strong at an energy scale small compared to 
the GUT scale. At higher energy scales the Higgs degree of freedom need not exist at 
all, something perhaps welcome from the point of view of the hierarchy problem and the 
fine-tuning (or doublet triplet splitting) problem in dealing with the Higgs as part of a 
GUT multiplet. This feature makes this "strong coupling" case an interesting hypothesis 
to investigate in greater detail. 

5.2 Running of the gauge couplings 

The modifications to the renormalization-group equations for the gauge bosons is straight- 
forward. We have 
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(97) 



In the above equations, the first term in each of the square brackets is the fermion 
contribution, and the second term is the Higgs contributions. Our normalization of g' is 
such that for SU (5) unification 




With these changes we may compare the one-loop coupling-constant evolution before 
and after the change. This is shown in Fig. 

We see that the three couplings converge somewhat better than in standard SU(5), 
but not as well as in the MSSM. 
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Figure 7: The running of the gauge coupling constants. 

6 Outlook 

The model we have described has been constructed in a relatively unforced way. We 
began by assuming that the structure of the mass and mixing matrices were simple 
and perturbative. This led reasonably naturally to the hypothesis that this simplicity 
reflected a simple mixing pattern occurring only in the down-quark sector, one that led 
to a suggestive albeit not compelling right-angle structure of the unitarity triangle. This 
in turn led to introduction of heavy down quarks in order to implement the mixing. The 
constraint of anomaly cancellation then led to the extension to E{6) multiplets for the 
elementary fermions. Examination of the Higgs sector led to the feature of radiatively 
induced Mexican-hat structure of the Higgs potential via the new heavy down quarks. In 
addition, the phenomenology has the feature that flavor and CP violation are infrared, 
diminishing rapidly with higher energy until an energy scale is reached where the mass 
terms involving the heavy quark sector become dynamical. 

All of this we find conceptually attractive. And the story may not end at this point. 
There is an especially interesting extension associated with the hierarchical choice of new 
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Higgs couplings, as discussed in the previous section. If that choice is made, there exists a 
parity symmetry within the Higgs sector, broken only by the parity violating electroweak 
gauge symmetry. To see this we need only invoke the SU (3) x SU (3) x SU(3) breakdown 
of E(6) PH , where the quark nonets are 



t u \ 
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Qr = 




D 




\D ) 


T, 


V 
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) 



R 



In this notation, Eqs. ( |2T| ) and ( j26| ) become 



i=i 




q R + h.c. 



(99) 



where the Higgs field and explicitly shown matrix both act in the upper 2x2 block. 
With the hierarchical assumption 

hi = Hi (100) 

we see that the Higgs part of the action is parity invariant in the absence of the mass 
terms. So, ignoring the corrections coming from the parity-violating electroweak gauge 
symmetry, parity conservation becomes restored at energies large compared to the mass 
scale of the heavy down-quarks. Note also that all the mass-mixing terms are encapsu- 
lated neatly within a (3, 3) Higgs representation: 



Mi, 



//lit; \ 

hiV Mi 
V Mi [in J 



(101) 



The identification of the new heavy-Higgs couplings with the light-Higgs couplings leads 
to additional constraints on masses and mixings. For example, from Eqs. fl24]) and ([26|). 
we have 



Mi 



^ij 



hiV ( ^ 

Mi 



(102) 



Therefore 



m d 



M 1 
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m s 



f^22 

M~ 2 



0.12 



(103) 



-± = ^± = 0.03 . 

m t M 3 



We are assuming that the off-diagonal flavor mixing effects are perturbative, so that the 
diagonal elements of the mass matrix are in fact the measured masses. The off-diagonal 
elements are known in terms of diagonal elements: 

From the estimates in Eq. flT5|), we obtain 

35 MeV _ 



(104) 



A*12 



A*13 



M23 



H22 



7 MeV 

15 MeV 
7 MeV 

m 2 s 



(105) 



1.2 . 



Actually these relations are completely general. 
Now we have demanded that (Eq. ([82])) 



so that 



But (cf. Eq. (103)) 



Ms < 10 TeV 



At 33 = 0.03 M 3 < 300 GeV 



/in « 1.8 Mi > (1.8) (130 GeV) = 240 GeV 



implying that the three diagonal \ia are almost the same. This suggests 

/i22 



M 2 



0.12 



2 TeV . 



Assuming here that the [in are exactly the same 

^ 300 GeV = (j, 



1,2,3 



(106) 
(107) 

(108) 
(109) 
(110) 
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leads to a mass matrix with corrections which go beyond our perturbation theory as- 
sumptions. To see this, write 



with 



Then the square of M' is 



U 



Hi 



M!l = (m'm* 



fnufnjjUikUjp. 



(Ill) 



(112) 



(113) 



and we see that 

(M' 2 h = (m tt ) 2 1+£M 2 »m£. (114) 

Therefore we need to start from scratch and study the diagonalization with much greater 
care. This does not imply an unworkable scenario, only one which goes in a somewhat 
different direction than what we have heretofore set up. Going further, however, is left 
for future work. 



7 Conclusions 

The main features for experiment of this model are as follows: 

1. The possibility of "Stech texture" for the mass matrix, leading to an approximate 
right angle (7) in the unitarity triangle. 

2. The existence of three generations of heavy electroweak-singlet down- quarks which 
decay into their light counterparts plus W, Z, or Higgs. The masses should be no 
larger than roughly 10 TeV. The leptons most reasonably are a factor two or so 
lighter than their heavy-quark counterparts. The first generation quark masses may 
be near the experimental bound, which is 130 GeV. 
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3. Flavor and CP violation are induced only by mass- mixing. Therefore above that 
mass scale, such effects rapidly diminish, only re-emergent if and when the mech- 
anism for the relevant mass terms becomes dynamical. This also implies that 
radiative-correction effects are in all cases not divergent. 

4. Some precision electroweak observables are in principle sensitive to the existence 
of these new degrees of freedom. The ordinary down quarks and leptons are mixed 
slightly with their heavy counterparts, making them to not transform as pure dou- 
blets or singlets. This leads to nonuniversality of the asymmetries measured in 
electron-positron annihilation processes. On the other hand, a variety of one-loop 
radiative correction effects in the down-quark or lepton sectors vanish. No signifi- 
cant corrections, for example, are expected in mass mixing of kaons or neutral 5's, 
nor in e and e', nor in b — > 57, ji — > ej, and K L — > fie, nor in the unitarity triangle. 
There can be significant effects in the up-quark sector, e.g. in D° — D° mixing. 

5. If the Higgs couplings to the heavy quarks are flavor universal, and at least as large 
as the Higgs coupling to the top quark, then there will be an oasis in the desert, at 
an energy scale of about f 000 TeV, where the Higgs, top-quark, and heavy down- 
quark couplings all become strong. Additional new physics is then assured above 
this energy scale. 

6. If the Higgs couplings to the new quarks are hierarchical, then there need be no 
oasis. If it is postulated that none exists, the Higgs boson must have a mass of 160 
± 20 GeV. 
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